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We apply a oupled transport-hydrodynamis model to disuss the prodution of multi-strange
meta-stable objets in Pb+Pb reations at the FAIR faility. In addition to making preditions
for yields of these partiles we are able to alulate partile dependent rapidity and momentum
distributions. We argue that the FAIR energy regime is the optimal plae to searh for multi-
strange baryoni objet (due to the high baryon density, favoring a distillation of strangeness).
Additionally, we show results for strangeness and baryon density utuations. Using the UrQMD
model we alulate the strangeness separation in phase spae whih might lead to an enhaned
prodution of MEMOs ompared to models that assume global thermalization.
Massive heavy-ion reations provide an abundant
soure of strangeness. More than 50 hyperons and about
30 Anti-Kaons (i.e. K−+K0 arrying the strange quark)
are produed in entral ollisions of lead nulei at the
CERN-SPS low energy program and before that at the
AGS (see e.g. [1℄). In the near future, the Faility for
Anti-proton and Ion Researh (FAIR) will start to in-
vestigate this energy regime loser with muh higher lu-
minosity and state-of-the-art detetor tehnology. This
opens the exiting perspetive to explore the formation
of omposite objets with multiple units of strangeness
so far unahievable with onventional methods.
Exoti forms of deeply bound objets with strangeness
have been proposed long ago (see [2℄) as ollapsed states
of matter, either onsisting of baryons or quarks. For ex-
ample the H di-baryon (a six quark state) was predited
by Jae [3℄. Later a multitude of bound di-baryon states
with strangeness were proposed using quark potentials
[4, 5℄ or the Skyrme model [6℄. However, the (non-
)observation of multi-quark bags, e.g. strangelets and
(strange) di-baryons is still one of the open problems of
intermediate and high energy physis. Most noteworthy
in this respet has been the hunt for the Pentaquark
over the last 10 years, whih re-stimulated this eld and
resulted in a reported observation at the CERN SPS
aelerator [7℄.
The early theoretial models based on SU(3) and SU(6)
symmetries [8, 9℄ and on Regge theory [10, 11℄ suggest
that di-baryons should exist. More reently, even QCD-
inspired models predit di-baryons with strangeness S
= 0, -1, and -2. The invariant masses range between
2000 and 3000 MeV [3, 12, 13, 14, 15, 16, 17, 18℄. Un-
fortunately, masses and widths of the expeted 6-quark
states dier onsiderably for these models. Nevertheless,
most QCD-inspired models predit di-baryons and none
seems to forbid them.
On the onventional hadroni side, however, hypernu-
lei are known to exist already for a long time [19, 20℄.
The double Λ hypernulear events reported so far are
losely related to the H di-baryon [21℄. Metastable exoti
multi-hypernulear objets (MEMOs) as well as purely
hyperoni systems of Λ's and Ξ's were introdued in
[22, 23℄ as the hadroni ounterparts to multi-strange
quark bags (strangelets) [24, 25℄. Most reently, the
Nijmegen soft-ore potential was extended to the full
baryon otet and bound states of ΣΣ, ΣΞ, and ΞΞ di-
baryons were predited [26℄. For previous estimates of
strangelet prodution and MEMO formation, the reader
is referred to [27, 28℄.
A major unertainty for the detetion of suh speu-
lative states is their (meta)stability. Metastable exoti
multi-hypernulear objets (MEMOs), for example, on-
sist of nuleons, Λ's, and Ξ and are stabilised due to
Pauli's priniple, bloking the deay of the hyperons into
nuleons. Only few investigations about the weak deay
of di-baryons exist so far (see [18℄ for a full disussion and
new estimates for the weak nonleptoni deays of strange
di-baryons): In [29℄, the H-di-baryon was found to deay
dominantly by H → Σ− + p for moderate binding ener-
gies. While the (ΛΛ) bound state, whih has exatly the
same quantum numbers as the H-di-baryon, was studied
in [30℄. Here, the main non-mesoni hannel was found to
be (ΛΛ)→ Λ+n. If the life time of the (ΛΛ) orrelation
or H0 partile is not too long, the spei deay hannels
might be used to distinguish between both states.
There are several searhes in heavy-ion ollisions for
theH-di-baryon [32, 33, 34℄ and for long-lived strangelets
[35, 36℄ with high sensitivities, so far with no onlusive
results. In pN ollisions at the Fermilab however, the
H-di-baryon seems to be exluded over a wide range of
Masses (2.194 < MH < 2.231 GeV) and lifetimes (5 ·
10−10 to 1·10−3 se) [31℄. Hypernulei have been deteted
most reently in heavy-ion reations at the AGS by the
E864 ollaboration [37℄.
I. MEMO PRODUCTION RATES
In this paper we study the prodution rate of multi-
strange objets within the UrQMD model (v2.3) and a
miro+maro hybrid approah to heavy ion reations.
2Similar to the RQMD model [38, 39℄ whih was em-
ployed in [18℄, UrQMD is a mirosopi transport ap-
proah based on the ovariant propagation of onstituent
quarks and diquarks aompanied by mesoni and bary-
oni degrees of freedom. It simulates multiple intera-
tions of ingoing and newly produed partiles, the exi-
tation and fragmentation of olor strings and the forma-
tion and deay of hadroni resonanes. At RHIC ener-
gies, the treatment of sub-hadroni degrees of freedom
is of major importane. In the UrQMD model, these
degrees of freedom enter via the introdution of a for-
mation time for hadrons produed in the fragmentation
of strings [40, 41, 42℄. The leading hadrons of the frag-
menting strings ontain the valene-quarks of the original
exited hadron. In UrQMD they are allowed to interat
even during their formation time, with a redued ross
setion dened by the additive quark model, thus a-
ounting for the original valene quarks ontained in that
hadron [43, 44℄.
For the mirosopi+marosopi alulation, the
Ultra-relativisti Quantum Moleular Dynamis Model
(UrQMD) is used to alulate the initial state of a heavy
ion ollision for a subsequent hydrodynamial evolution
[43, 44, 45℄. This has been done to aount for the
non-equilibrium dynamis in the very early stage of the
ollision. In this onguration the eets of event-by-
event utuations of the initial state are naturally in-
luded. The oupling between the UrQMD initial state
and the hydrodynamial evolution proeeds when the
two Lorentz-ontrated nulei have passed through eah
other.
tstart =
2R√
γ2 − 1 (1)
After the UrQMD initial stage, a full (3+1) dimen-
sional ideal hydrodynami evolution is performed using
the SHASTA algorithm [46, 47℄. For the results pre-
sented here an equation of state for a hadron-resonane
gas without any phase transition is used [48℄. The EoS
inludes all hadroni degrees of freedom with masses up
to 2 GeV, whih is onsistent with the eetive degrees
of freedom present in the UrQMD model. One should
note that we apply a purely hadroni EoS, for energy
densities where a transition to the QGP is expeted (see
also [49℄ for details on the model and omparison of
extrated partile yields to data). Final partile (and
MEMO) multipliities are mainly sensitive on the de-
grees of freedom at hemial freezeout whih is reeted
in the hadroni EoS. Dynamial observables suh as
momentum and rapidity spetra are more sensitive on
the underlying dynamis. In addition, a phase transition
ould atalyse a strangeness destillation proess further
enhaning MEMO prodution. However, studying the
eets of a phase transition on MEMO prodution is left
subjet of future investigations.
The hydrodynami evolution is stopped, if the energy
Cluster Mass [GeV℄ Quark ontent
He4 3.750 12q
H0 2.020 4q + 2s
αq 6.060 12q + 6s
{Ξ−,Ξ0} 2.634 2q + 4s
{4Λ} 4.464 8q + 4s
{2Ξ−, 2Ξ0} 5.268 4q + 8s
5
ΛHe 4.866 14q + 1s
6
ΛΛHe 5.982 16q + 2s
7
Ξ0ΛΛ
He 7.297 16q + 2s
{2n, 2Λ, 2Ξ−} 6.742 12q + 6s
{2Λ, 2Ξ0, 2Ξ−} 7.500 8q + 10s
{d,Ξ−,Ξ0} 4.508 8q + 4s
{2Λ, 2Ξ−} 4.866 6q + 6s
{2Λ, 2Σ−} 4.610 8q + 4s
TABLE I: Properties of all onsidered multibaryoni states
density of all ells drops below ve times the ground
state energy density (i.e. ∼ 730MeV/fm3). This ri-
terion orresponds to a T-µB-onguration where the
phase transition is expeted - approximately T = 170
MeV at µB = 0. The hydrodynami elds are mapped to
partile degrees of freedom via the Cooper-Frye equation
on an isohronous hyper-surfae.
E
dN
d3p
=
∫
σ
f(x, p)pµdσµ with dσµ = (dx
3,~0) (2)
Here f(x, p) are the boosted Fermi or Bose distributions
orresponding to the respetive partile speies. Inputs
for these distributions are the masses and hemial po-
tentials of the desired partiles. For our alulation we
assumed the mass of a MEMO to be the sum of the
masses of all hadrons it is omposed of. Similarly the
total hemial potential is the sum of the onstituents,
and is omposed of baryon and strange-quark hemial
potentials µB and µs.
The partile vetor information is then transferred bak
to the UrQMD model, where resatterings and the nal
deays are performed using the hadroni asade. Using
this parametrisation of the model one obtains a satisfa-
tory desription of data in a energy regime of 1 − 160A
GeV. A more detailed desription of the hybrid model in-
luding parameter tests and results for multipliities and
spetra an be found in [49℄.
To alulate the multipliities of MEMOS in the FAIR
energy region, we employ the introdued hybrid approah
to heavy ion ollisions. Thus, the utuating initial
state produed in UrQMD, is oupled to a (3+1) di-
mensional hydrodynamis evolution. When the energy
density drops below 5ǫ0(∼ 730MeV/fm3) the freeze-out
is performed and MEMOs and strangelets are produed
aording to the Cooper-Frye desription (2). As dis-
tintive inputs for the distribution funtions, the hem-
ial potentials (µs, µB) and masses of the MEMOs en-
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FIG. 1: Multipliities of various types of MEMOs and
strangelets in entral Pb+Pb reations at Elab = 30A GeV
from the hybrid approah.
ter as disussed above. Final state interations of these
MEMOs are negleted for the present study. Table (I)
gives the properties of all multibaryoni states onsid-
ered in our analysis. They are the most promising and
stable andidates.
Fig. (1) provides the total multipliities per degener-
ay fator of various types of MEMOs and strangelets
in entral Pb+Pb reations at Elab = 30A GeV. The
yields obtained are in good omparison to the statistial
model analysis [50℄, whih is desribing strange luster
prodution at AGS energies.
One should also note that we assume partile prodution
from a grand anonial ensemble for all beam energies.
Beause loal, as well as global, thermal equilibration
are assumptions not neessary justied in heavy ion
ollisions, a miroanonial desription, ombined with
MEMO prodution by oalesene, has been proposed
in [17℄. Due to the restritions of energy and momentum
onservation, resulting in a phase spae redution for
produed strange partiles a (miro)anonial desrip-
tion of the system strongly dereases strange partile
yields [51, 52, 53℄.
On the other hand, thermal models are able to repro-
due strange partile yields for beam energies above
Elab ≈ 8A GeV very well, and anonial orretions
beome negligible above these energies [53℄.
Investigating strange-luster prodution over a range
of beam energies shows a distint maximum in the yields
of several multi strange objets. Fig. 2 displays the ex-
itation funtion of the multipliities of various MEMOs
in entral Pb+Pb reations from the hybrid approah.
The presented MEMO andidates are expeted to pos-
0 20 40 60 80 100 120 140 160 180 200
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
 
 
 M
ul
tip
lic
ity
/d
eg
en
er
ac
y
ELab [A GeV]
FIG. 2: (olor online) Exitation funtions of the multiplii-
ties of various MEMOs in entral Pb+Pb reations from the
hybrid approah.
sess binding energies up to EB/AB ≈ −22 MeV [25℄.
One easily observes that the upper FAIR energy region
(∼ Elab = 10− 40A GeV) is ideally plaed for the searh
of exoti multi-strange baryon lusters. At lower ener-
gies, the hyperon prodution ross setion is too small,
while at energies above FAIR, the expansion of the soure
and the small baryo-hemial potential suppress the for-
mation of MEMOs and strangelets.
Using the hybrid model enables us to also explore the
phase spae distribution of the produed partiles. Fig.
3 shows the rapidity density of various MEMOs in en-
tral Pb+Pb reations at Elab = 30A GeV from the hy-
brid approah. The prodution of baryon rih lusters
is most pronouned in the high baryon density rapid-
ity region. The rapidity distributions for MEMOs with
a larger strangeness to baryon number fration tend to
look more gaussian like.
Figure 4 depits the transverse momentum distribu-
tion of various MEMOs at midrapidity in entral Pb+Pb
reations at Elab = 30A GeV from the hybrid approah.
The pT spetra are rather broad as ompared to usual
hadrons. This is due to the large boost the MEMOs
aquire due to their large mass and the fat, that they
are produed predominantly in the hottest regions of the
expanding system.
II. FLUCTUATIONS
For the present study so far we have assumed global
as well as loal strangeness onservation. These assump-
tions are ommon for models inluding thermal produ-
tion of partiles. In the following we explore if that as-
sumption of loal strangeness onservation is justied,
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FIG. 3: (olor online) Normalized rapidity density of various
MEMOs in entral Pb+Pb reations at Elab = 30A GeV from
the hybrid approah.
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FIG. 4: (olor online) Transverse momentum spetra at
midrapidity (|y| < 0.5) of various MEMOs in entral Pb+Pb
reations at Elab = 30A GeV from the hybrid approah.
espeially in the FAIR energy regime. A relaxation of
this assumption within the hybrid approah will require
the expliit propagation of the strangeness density (sim-
ilar to the treatment of the baryon density). A seond
key ingredient will be the inlusion of an equation of state
that an provide p(ǫ, ρB, ρs) with a nite ρs. However,
rst we explore if suh an extension might be neessary
by applying the UrQMD model without an intermediate
hydrodynami phase.
We start with an investigation of the strangeness
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FIG. 5: (olor online) Energy dependene of the strange
quark over anti-strange quark (s/s) ratio for entral
Pb+Pb/Au+Au reations. Cirles show the ratio at midra-
pidity, while squares show the 4pi values where the ratio is
unity due to strangeness onservation.
prodution and its distribution as a funtion of en-
ergy. Fig. 5 depits the energy dependene of the
strange quark over anti-strange quark (s/s) ratio for en-
tral Pb+Pb/Au+Au reations. The red irles present
the strangeness to anti-strangeness ratio at midrapidity,
while the blue squares show the 4π values where the ra-
tio is unity due to strangeness onservation. One learly
observes that strangeness is not evenly distributed over
rapidity, leading to an asymmetry between strange and
anti-strange quarks on the level of 20% in the relevant
energy regime. A similar kind of strangeness separation
proess has been predited long ago within models ou-
pling a hadron gas to a Quark-Gluon-Plasma state [54,
55℄. Within these models the energy and partile num-
ber balane in the mixed phase supports a 'distillation'
proess that enrihes the QGP phase with strangeness
and the hadroni phase with anti-strangeness. Within
the present model, however, hadroni interations are re-
sponsible for the phase spae separation of strangeness
and anti-strangeness sine no rst order phase transition
is present. Sine both proedures separate strangeness
in an equivalent way one an expet an even stronger
strangeness separation if both eets are at work.
Fig. 6 shows the rapidity dependene of the strange
quark over anti-strange quark (s/s) ratio for entral
Pb+Pb/Au+Au reations at AGS (Elab = 2−11AGeV),
SPS (Elab = 20 − 158A GeV) and RHIC (√sNN =
19 − 200 GeV) energies. In the AGS and SPS energy
regime, the (s/s) ratio is strongly rapidity dependent and
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FIG. 6: (olor online) Rapidity dependene of the strange
quark over anti-strange quark (s/s) ratio for entral
Pb+Pb/Au+Au reations at AGS (Elab = 2 − 11A GeV),
SPS (Elab = 20 − 158A GeV) and RHIC (√sNN = 19 − 200
GeV) energies.
has a pronouned peak above unity near midrapidity. At
RHIC energies, the (s/s) ratio turns into a box shape
as a funtion of rapidity with a plateau at unity indi-
ating that strangeness is loally neutralized in rapidity.
At the highest RHIC energies, the (s/s) ratio even turns
slightly smaller than 1. Continuing this trend one would
expet a learly smaller than 1 (s/s) ratio at LHC ener-
gies. In onsequene, statistial model approahes (with
the onstraint of strangeness onservation at mid rapid-
ity [53℄) are allowed to use midrapidity partile ratios as
input for their alulations only at low RHIC energies.
At lower, as well as higher energies, this proedure is not
justied as strangeness neutralisation does not hold for
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FIG. 7: (olor online) Transverse momentum dependene of
the strange quark over anti-strange quark (s/s) ratio for en-
tral Pb+Pb/Au+Au reations at AGS (Elab = 2−11A GeV),
SPS (Elab = 20 − 158A GeV) and RHIC (√sNN = 19 − 200
GeV) energies.
the entral rapidity region. Thermal alulations, using
full phase spae data as an input [56, 57℄, and results
from a thermal model inluding a ore-orona senario
[58℄, generally give better desriptions of strange parti-
le data, supporting the idea of dynamial strangeness
separation, as proposed by this work. .
Fig. 7 provides the transverse momentum dependene
of the strange quark over anti-strange quark (s/s) ra-
tio for entral Pb+Pb/Au+Au reations at AGS (Elab =
2 − 11A GeV), SPS (Elab = 20− 158A GeV) and RHIC
(
√
sNN = 19 − 200 GeV) energies. Here one observes
a strong separation of strangeness in transverse dire-
tion. With dereasing energy (inreasing baryo-hemial
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FIG. 8: Flutuations of the strangeness fration fs = ρs/ρB
in the entral plane (x is in the impat parameter diretion, y
is transversal to the impat parameter and longitudinal dire-
tion) for a single entral Pb+Pb reation at Elab = 30A GeV.
The olour oding indiates the loal strangeness fration,
dark regions have more anti-strange than strange quarks.
potential) the distribution of (anti-)strangeness beomes
inreasingly non-uniform in momentum spae. The low
momentum region is depleted of strange quarks, while the
high pT region shows a strong enhanement of strange
quarks ompared to anti-strange quarks. This an be in-
tuitively linked to the fat that (multi)strange baryons
have a larger inverse slope than the Kaons for a given
transverse veloity due to their larger masses.
1
Next, we turn to the distribution and utuations of
strangeness in oordinate spae. Fig. 8 eluidates the
utuations of the strangeness fration fs = ρs/ρB, with
ρB being the loal baryon density and ρs being the loal
net-strangeness density, in the entral plane for a single
entral Pb+Pb reation at Elab = 30A GeV. Here x is in
the impat parameter diretion and y is transversal to the
impat parameter and longitudinal diretion. The distri-
bution of the net-strangeness and baryon densities were
obtained from the UrQMD model by means similar to
reating the hydro initial state in the hybrid model. All
hadrons and their baryon number and strangeness on-
tent are represented by a Gaussian with a nite width of
1 fm [45, 49℄. The plot is shown for the time when both
nulei have passed eah other. The olour oding indi-
ates the loal strangeness fration, white regions have
more strange than anti-strange quarks, while dark and
blak regions show more anti-strange quarks. Loally
strangeness lumps of 4 fm
2×∆z appear both in positive
and negative strangeness diretions. As for the distribu-
tion in momentum spae disussed above, also the oordi-
nate spae distribution is largely non-uniform, although
these spaial utuations our only on an event-by-event
basis.
We have presented results for the thermal prodution
of MEMOs in nuleus-nuleus ollisions from a ombined
miro+maro approah. Multipliities, rapidity and
transverse momentum spetra are predited for Pb+Pb
interation at Elab = 5A GeV and Elab = 30A GeV. The
presented exitation funtions for various MEMO multi-
pliities show a lear maximum at the upper FAIR en-
ergy regime making this faility the ideal plae to study
the prodution of these exoti forms of multistrange ob-
jets. Detetor simulations have shown that the CBM
experiment is well suited for the searh of exoti multi-
hypernulear objets either by invariant mass reonstru-
tion of strange di-baryons or observing deay systematis
(The very stable double negative {2Ξ0, 2Ξ−} for exam-
ple should have a harateristi deay in two negatively
harged partiles)[25℄.
Compared to many previous studies on MEMO and
strangelet prodution, based on statistial models with
global strangeness and baryon number onservation, the
present approah indiates that the loal strangeness
density lumps strongly in oordinate spae and that
strangeness is unevenly distributed in momentum spae.
This mehanism does not require the prodution of a de-
onned state, and prots from the non-equilibrium fea-
tures present in the reation. These utuations might
lead to an enhanement of MEMO (and strangelet) pro-
dution ompared to previous alulations.
Furthermore the net strangeness at midrapidity deviates
from zero - not only on an event-by-event basis - indi-
ating that the assumption of loal strangeness neutral-
isation is only justied at the RHIC energy regime, but
not at lower energies. Here it is therefore questionable
if midrapidity partile ratios an be used as input for
thermal partile multipliity alulations.
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If one assumes strangeness onservation as well as vanishing net
baryon number at midrapidity (as is expeted at very high en-
ergies) then these distributions should be at, as partiles and
their antipartiles are produed in equal numbers. If the (s/s)
ratio does deviate from unity the separation of strangeness in
momentum spae should still be present even at vanishing net
baryon number.
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